This study is part of a larger effort to create reduced-order models for aerodynamic forces and moments acting on a maneuvering aircraft with moving control surfaces. The aircraft used in this study was inspired by the T-38 jet trainer and includes elevators, rudder, ailerons, and trailing-edge flaps on the wing for landing and takeoff. A hybrid unstructured overset mesh was generated to move these control surfaces and simulate the unsteady flowfields around the aircraft. The static results are first compared to experimental data available at different flap deflection angles, with good agreement obtained at low to moderate angles of attack and deflection angles. Unsteady airloads predictions were then made using the indicial response methods and response functions due to step changes in control surface deflection angles. A time-dependent surrogate model was also used to approximate the response function variation with changes in the angle of attack. The model outputs were then compared with time-accurate simulations of arbitrary control surface motions within the range of data used for model generation. Very good agreement was found between models and computational-fluid-dynamics data for low and high motion rates at low to moderate deflection angles. The results demonstrated that unsteady effects significantly change the amplitude and phase lags of predicted airloads compared with static (or steady-state) predictions. 
I N A modern fighter aircraft, control surfaces have to be deflected very rapidly to increase the agility of the aircraft. The transient aerodynamic response of aircraft to these abrupt motions is unsteady and behaves very differently from static values. Generally, the unsteady airloads acting on moving control surfaces include circulatory and noncirculatory components [1] . The noncirculatory loads are related to the effects of added mass due to formation of compression and expansion waves around control surface as it undergoes an unsteady motion [2, 3] . As the control-surface motion time progresses, these waves will move away, and therefore noncirculatory loads will decay rapidly. The circulatory loads, on the other hand, are long-time loads and represent the effect of vorticity in the flow due to changes in the forcing function (e.g., angle of attack or deflection angle).
Unfortunately, no analytic solution exists to determine the circulatory and noncirculatory loads acting on aircraft control surfaces. Wind-tunnel experiments and flight testing are quite expensive and typically only available late in the design stage. Windtunnel models with moving control surfaces are usually complex geometries, and therefore it takes a long time to plan and complete the tests [4] . Unsteady load measurements in wind-tunnel experiments are limited due to dynamic maneuver limitations in the test facilities [4] . An alternative is simulation of control-surface deflections using computational fluid dynamics (CFD). Recent work [5, 6] has demonstrated the CFD approach to simulate a maneuvering aircraft with moving surfaces using time-accurate Reynolds-averaged Navier-Stokes (RANS) equations. These simulations (often referred to as full-order models) are able to compute circulatory and noncirculatory loads acting on aircraft with high accuracy. However, they are computationally expensive for flight-dynamic applications, which require a large number of computations for different values of motion frequency and amplitude for each aircraft configuration. It is therefore desirable to use a relatively simple but accurate approximation for the unsteady aerodynamics by using a reducedorder model (ROM) that allows describing the unsteady flow in the form of a small number of spatial/temporal modes (typically less than 100) compared with the very large number of grid points in the fullorder model (on the order of 5 to 50 million or more) [7, 8] . The ROMs used in this paper are based on linear and nonlinear indicial response methods.
The aerodynamic response to a unit step change in the forcing function is the so-called indicial response. Although the indicial response is relatively simple in concept, it is nonetheless useful for predicting unsteady aerodynamics because the response calculation consists of both circulatory and noncirculatory components. The linear response to any arbitrary forcing function can be approximated through the superposition of indicial responses using Duhamel's integral [9] . Wagner [10] was the first to solve the indicial response of a thin airfoil due to a step change in the angle of attack in incompressible flow, the so-called Wagner function. This function is a single, one-parameter function and is sufficient to model the plunging motion of a thin airfoil in linear two-dimensional flow. For a pitching motion, Tobak [11] formulated an indicial response model by adding Duhamel's integrals with respect to angle of attack and pitch rate. Ghoreyshi and Cummings [12] extended the indicial response method of Tobak to predict all aerodynamic forces and moments acting on an aircraft due to six-degree-of-freedom aircraft maneuvers. However, there were no control surfaces modeled during these maneuvers, and indicial functions were calculated only for aircraft states (e.g., angle of attack, side-slip angle, and angular rates). In fact, very few studies have reported results on aerodynamic loads modeling of control surfaces based on indicial theory. This includes the work of Hariharan and Leishman [13] , who used the indicial concept for subsonic aerodynamic loads modeling of a flapped airfoil. They used piston theory and linearized subsonic theory to derive indicial functions due to a step change in flap angle and flap rate. However, these functions are valid only for a two-dimensional airfoil in the subsonic speed range. In a recent paper by Nakai et al. [14] , a wing aerodynamic response to a step change in the aileron deflection was calculated using CFD. The step functions were then used to predict the unsteady aerodynamics due to small-amplitude aileron motions. The current paper is an attempt to extend these results for aircraft control surfaces. Linear and nonlinear models are developed for elevator, aileron, and flap surfaces of the test case aircraft and tested for arbitrary ramp and pitch motions of control surfaces. A time-dependent surrogate model is also used for aerodynamic modeling in the angle-of-attack/flap-angle space.
II. Methodology
A. Computational-Fluid-Dynamics Solver
The flow solver used for this study is the Cobalt code [15] that solves the unsteady, three-dimensional, and compressible NavierStokes equations in an inertial reference frame. In Cobalt, the NavierStokes equations are discretised on arbitrary grid topologies using a cell-centered finite-volume method. Second-order accuracy in space is achieved using the exact Riemann solver of Gottlieb and Groth [16] and least-squares gradient calculations using QR factorization. To accelerate the solution of discretized system, a point-implicit method using analytic first-order inviscid and viscous Jacobians is applied. A Newtonian subiteration method is used to improve time accuracy of the point-implicit method. Tomaro et al. [17] converted the code from explicit to implicit, enabling Courant-Friedrichs-Lewy numbers as high as 10 6 . Some available turbulence models are the SpalartAllmaras model [18] , Wilcox's k-ω model [19] , and Mentor's SST model [20] .
B. Overset Grid Approach
The simulation of control-surface motions depends on the ability of the CFD solver to model surface deflections. The methods of transpiration, grid deformation, and overset grids have been used for CFD modeling of control surfaces. In the transpiration method, the normal to the deflected surface is used to change the velocity boundary conditions such that the flow solver experiences some sort of deflection in the mesh, although the actual mesh is not deflected [21] . Using this method, the aircraft maneuvers and aeroelastic simulations can be run virtually on the clean configuration grid, and hence the transpiration method drastically reduces the computational cost. However, the surface application of this method is limited to small deflections of control surfaces [22, 23] . Various griddeformation methods have also been used to deform the volume mesh subject to the surface movement or structural loads [6, [24] [25] [26] [27] . The most common grid-deformation techniques are transfinite interpolation [26] , radial basis functions [25] , and the spring analogy [28] [29] [30] [31] . However, the deflection of control surfaces using these techniques is limited because the methods could produce distorted grids and often nonrealistic surface grid deformations for large deflection angles.
The overset grid approach has been widely used to deflect control surfaces in CFD as well. In an overset grid, a grid that covers the entire computational domain is named the background grid, and all other grids attached to the control surfaces are called the minor grids [32] . Each minor grid might have interpolation boundary surfaces (IBSs) or fringe boundary surfaces (FBSs) that transfer information between grids. The overset grid module then performs automatic hole cutting by interpolating IBS/FBS in each grid [32] . The overset grid technique could be applied to structured and unstructured grids; however, the number of overlapping grids required for an unstructured grid could be significantly smaller compared with that required for structured grids [33] . The gap regions between aircraft and control surfaces can become an issue with an overset grid approach because the large gaps could exhibit strong flow unsteadiness and affect the predictions [34] .
Cobalt uses an overset grid method that allows the independent translation and rotation of each grid around a fixed or moving hinge line. In this method, overlapping grids are generated individually, without the need to force grid points aligned with neighboring components [35] . In Cobalt, the overlapping grids are treated as a single mesh using a grid-assembly process. This includes a holecutting procedure in overlapping regions and interpolation between overlapping grids. The translation and rotation of overset grids around the hinge line are input to the code using a grid control file (GCF). The hinge line is defined by a reference point and a vector combination. The rotations are based on the right-hand rule and consist of angles in an order of pitch, yaw, and roll angle. These angles are estimated from the deflection angle of a control surface and the relative angles between the hinge line and grid coordinate axes.
C. Indicial Response Modeling
Indicial response modeling has recently been used for unsteady aerodynamic modeling of maneuvering aircraft [12, [36] [37] [38] . In all these studies, the indicial functions were calculated only for aircraft states (e.g., angle of attack, side-slip angle, and angular rates), and simulations were performed on the clean configuration grid. This study extends previous work by developing models based on indicial response methods for predicting unsteady aerodynamics of control surfaces. These aerodynamic models are important for a modern fighter aircraft because of the high rates of control-surface deflections. Typical conceptual design aerodynamic predictions have large amounts of uncertainty at these conditions that can lead to unpleasant surprises during prototype flight testing, sometimes requiring the whole aircraft design cycle to be repeated. In addition, these models play an important role in the design of control systems.
The aircraft considered in this study has conventional control surfaces of aileron, elevator, rudder, and a flap surface at the trailing edge of the wing for landing and takeoff. The deflection angles of these surfaces are denoted by δ a , δ e , δ r , and δ f , representing aileron, elevator, rudder, and flap, respectively. It is assumed that these surfaces move at a fixed approach landing airspeed. The aircraft angular rates and side-slip angle are assumed zero as well. To create a linear ROM, the aerodynamic responses (e.g., normal force, drag, and pitch moment for longitudinal controls) are calculated for a unit step change in the control-surface deflection at a given angle of attack and Mach number. Note that the responses due to a step change in flap motion rate ( _ δ) are not considered in this study because the aerodynamic responses to a flap rate are much smaller than responses to a flap angle as shown by Hariharan and Leishman [13] . Also, the flap rate response simulation in CFD includes the effects of both flap angle and rate, and additional work is needed to separate these effects.
For a unit step input, the surface deflection is initially zero and is suddenly deflected 1 deg and held constant at this angle during the remainder of the simulation. The responses to this input function are called the indicial functions and are denoted by C jδ such that j N; D; m for longitudinal controls and j Y; l; n for lateral controls. These indices represent normal force, drag, pitch moment, side force, roll moment, and yaw moment, respectively. The linear aerodynamic responses to any arbitrary surface deflection can be approximated through the superposition of indicial responses using Duhamel's integral [39] :
where C j0 are estimated aerodynamic coefficients by setting δt 0. The indicial functions of C jδ t are usually unknown and need to be determined by some method. For example, Hariharan and Leishman [13] approximated the normal force and pitch moment indicial functions with respect to the flap angle of a flapped thin airfoil. These functions are shown in Fig. 1 for Mach numbers of 0.3 and 0.5. Figure 1 shows that the normal force response has an initial peak such that the peak value is smaller for Mach 0.5. The responses then fall and asymptomatically reach their steady-state values. Pitch moment responses also have a negative peak at s 0. The responses then increase and fall again before reaching steady-state values. Note that these functions are only valid for two-dimensional airfoils.
In this paper, the aircraft indicial functions are calculated using CFD with a grid movement tool. The linear model given in Eq. (1) GHOREYSHI AND CUMMINGS be used for predicting aerodynamics of only small amplitude deflections. A nonlinear model can also be created using indicial functions calculated for different deflection angles. The nonlinear model is written as
The model in Eq. (2) predicts nonlinear aerodynamic coefficients due to arbitrary control-surface deflections, again at a fixed Mach number and angle of attack similar to those used for estimating indicial functions. The calculation of functions C jδ t − τ; δ is as follows: assuming a set of deflection angles of δ δ 1 ; δ 2 ; : : : ; δ n , the response functions at each angle of δ i , i 1; 2; : : : ; n deg are calculated by holding the deflection angle fixed at δ δ i deg, and then performing a step in the deflection angle to δ δ i Δδ. The response functions are then computed by taking the differences between the time-varying responses occurring after the step and the steady-state solution at δ δ i deg and dividing them by the magnitude of the step [40] . These functions are then used to predict the nonlinear effects due to surface deflections in Eq. (2).
Model predictions using Eqs. (1) and (2) are limited by a fixed Mach number and angle of attack used for estimating indicial functions. Approach to landing is a slow flight regime, and therefore Mach number effects on the indicial responses are negligible. However, the indicial functions, and therefore predicted airloads, vary with angle of attack. To extend the indicial response model to include angle of attack effects, the nonlinear indicial functions in Eq. (2) will be calculated for different combinations of δ and α, and therefore Eq. (2) changes to However, this model requires a large number of indicial function calculations for each combination of angle of attack and controlsurface deflection. To reduce computational cost, a surrogate model is used that estimates indicial functions at a given δ and α from a set of samples (observations). Ghoreyshi and Cummings [12] proposed a surrogate model for aerodynamic modeling of unsteady airloads in the input space of angle of attack and Mach number. This approach is used in this study for aerodynamic modeling in the input space of angle of attack and flap angle.
III. Test Case
The test case is an aircraft inspired by the Northrop T-38 Talon (shown in Fig. 2 ), which is a two-seat advanced jet trainer powered by two J85-GE-5 turbojet engines [41] . The T-38 aircraft has a ceiling of 50,000 ft and a climb rate of 34; 000 ft∕ min, and it can fly at speeds as high as Mach 1.2, and so it became the world's first supersonic trainer. The vehicle is a variant of the F-5A tactical fighter [42] , with a conventional design featuring a swept wing with an area of S 170 ft 2 , a span of b 25.25 ft, an aspect ratio of 3.75, and a taper ratio of 0.2, and it uses the NACA 65A-004 airfoil section. The aircraft model was constructed from a small number of design parameters to describe the T-38 in the Jet Designer code, which is a low-fidelity code developed at the U.S. Air Force Academy (USAFA) for the design of jet fighter aircraft. The aircraft geometry parameters in Jet Designer include lifting surfaces and a fuselage; the fuselage is defined using 20 cross sections. The lifting surfaces are defined using the apex position and placement, leading-edge sweep angle, dihedral angle, span, wing area, and taper ratio. The vertical tail can have a lateral displacement with a tilt angle. A number of aircraft can be defined using this definition; however, the aerodynamic prediction tools available in the code are limited to straightwing and conventional aircraft configurations.
The surface modeling was performed by SUMO, which produces a surface model and its triangulation. The model can then be passed to an extended CAD system or mesh generator as a standard CAD interface file, and the surface mesh is passed to a tetrahedral volume mesh generator. The SUMO code is a rapid geometry modeling tool for parametrically defined aircraft configurations. The code has a library of geometric primitives based on B-spline curves and surfaces to create a parameterized watertight surface model of the complete jet aircraft. The way SUMO defines a control surface is to input the inboard and outboard span locations as well as chord lengths. The automatic mesh generation tool in SUMO provides an unstructured surface mesh. The mesh control parameters are estimated from the model geometrical features, such as radii of curvature and the presence of sharp edges. From the surface mesh, unstructured volume meshes can be automatically generated using the tetrahedral mesh generator TetGen. ‡
The static experiments for the T-38 aircraft were conducted in the Subsonic Wind Tunnel facility at USAFA. This closed-loop tunnel as shown in Fig. 3 has an 8-ft-long test section with a test cross section of 3 by 3 ft. The tunnel can achieve speeds in excess of Mach 0.5. The flow conditions in the experiments were M 0.2975, Re 6.4× 10 5 , and β 0. The T-38 wind-tunnel model has a wingspan of 16.5 in., and a mean aerodynamic chord of 5.05 in. Flight-test data at 30,000 ft are also available from Brandt et al. [41] for clean and flapped T-38 configurations. The data correspond to M 0.4 and flap angles of 0, 10, and 45 deg.
Two hybrid-grid RANS meshes were generated from the half-and full-geometry models of the aircraft without control surfaces and engine air inlet. The grids for elevator, rudder, aileron, and flap are generated separately and overset onto the main grids. These grids were generated in two steps. In the first step, the inviscid tetrahedral mesh was generated using the ICEMCFD code. This mesh was then used as a starting mesh by TRITET [43, 44] , which builds prism layers using an advancing front technique. TRITET rebuilds the inviscid mesh while respecting the size of the original inviscid mesh from ICEMCFD. In this study, the half-geometry grid was used for flap and elevator aerodynamic modeling, and the full-geometry grid was used for modeling aileron deflections. The assembled grid of the full geometry is shown in Fig. 4a , which has approximately 25.8 million points and 77.7 million cells. Figure 4b also shows the grid around right aileron surface deflected 15 deg. The gaps between the wing and aileron can be seen in this figure. The cross-section plane in Fig. 4b shows how the aileron grid is overset to the background grid.
IV. Results
All simulations in this study were performed using the Spalart 
A. Static Aerodynamic Modeling
The lift, drag, and pitch moment predictions from Cobalt for the T-38 are compared with wind-tunnel and flight-test measurements in Figs. 5a-5c. Wind-tunnel measurements are limited to 10 deg angle of attack, and only lift flight-test data are available. Note that there is no flow through the air intakes for the wind-tunnel model. The figures show that RANS predictions match quite well with the experimental data at low and moderate angles of attack. However, there are some discrepancies at higher angles, most likely due to geometry differences between the Jet Designer model and the actual T-38 geometry. It should be noted that the purpose of this work is not to investigate the effects of geometry details, grid resolution, numerical parameters, or turbulence modeling requirements for making accurate predictions to match the T-38 aircraft experiments. Therefore, the accuracy of ROM predictions will be assessed by comparison of model outputs with time-accurate CFD simulations, using the same geometry and numerical model settings.
To assess the overset grid approach and to evaluate the effect of gaps between surfaces on predictions, the predictions using overset grid are compared with single meshes regenerated from 4 and 8 deg flap deflections, as shown in Fig. 6 . Figure 6 shows that lift coefficients from the single meshes match very well with predictions of flap deflections using the overset grid approach. Figure 7 compares the grid surfaces and the pressure on the wing around the flap with 4 deg of deflection. Figure 7a shows that deflected flap surfaces match with each other, verifying that the calculated GCF angles are correct. Figures 7b and 7c show that the overset grid solution produces similar pressure contours as the single mesh, although there are some differences because of the gaps in the overset grid between the wing, flap, and aileron. However, Fig. 6 shows that the effect of these gaps on the computed normal force are very small at these flight conditions.
Flight-test lift data are also available for a flapped T-38 aircraft at M 0.4 and 30,000 ft altitude with flap settings of 10 and 45 deg. Figure 8 compares the CFD predictions using overset grids with these measurements. 
B. Unsteady Aerodynamic Modeling
In all subsequent simulations, the freestream velocity was fixed at a Mach number of 0.1967, corresponding to actual aircraft speeds during approach to landing. The Reynolds number is 1.08 × 10 7 at standard sea-level conditions. All indicial response functions are calculated at these flight conditions.
Aerodynamic Modeling at α Equal to Zero Degrees
The indicial response methods will now be used for aerodynamic modeling of the T-38 aircraft control surfaces. Linear models are first created from aerodynamic responses to a unit step change in the control-surface deflection. The motion files were generated for these step functions with GCF angles at discrete time instants as input to these files. At each computational time step, Cobalt then interpolates the flap control-surface motion data using cubic splines and moves the control-surface grid, followed by a grid-assembly process. All computations are started from a steady-state solution and clean configuration at 0 deg angles of attack and then advanced in time using second-order accuracy with five Newton subiterations. Timestep size is set to 5 × 10 −4 seconds based on a sensitivity study of the grid in [45] . Note that noncirculatory loads occur over a short period of time, and hence a relatively small time step is needed for accurately calculating these loads. On the other hand, choosing too small a timestep size greatly increases the computational cost without adding significant benefit.
The indicial normal force, drag, and pitch moment responses to a unit change in flap deflection are plotted versus normalized time in Fig. 10 . Normalized time is defined as s 2Vt∕c, where V is the freestream velocity and c is the mean aerodynamic chord. Figure 10 shows that the indicial normal force has an initial jump as the grid starts to rotate, followed by a transient solution. As time progresses, the normal force asymptotically reaches the steady-state value at 1 deg flap angle. The initial peak can be explained based on the energy of acoustic wave systems created by the initial grid perturbation [45] . The pitch moment also has an initial negative peak and a transient solution until it reaches the steady-state value. Figure 10 shows that the final-time pitch moment response is positive due to the location of the flap relative to the moment reference point. This means a positive flap deflection yields a nose-up pitch moment. Also, Fig. 10 shows that the drag response is small, and therefore drag force changes will not be modeled in this study. It is important to note that the lift and pitch moment indicial functions of the test case aircraft exhibit very different behavior from the flapped airfoil responses shown in Fig. 1 . The initial loads are smaller for the test case aircraft; the normal force response of the aircraft reaches the steady-state solution much faster than the airfoil. Steady-state solutions at the final time of motion are different for the aircraft and airfoil as well.
The indicial responses shown in Fig. 10 are substituted into Eq. (1) to predict linear aerodynamic responses of the aircraft to ramp-flap motions. All of these motions start from a clean configuration, and the flap is deflected to 6 deg with rates of 20, 100, and 200 deg ∕s. The flap is then held constant at 6 deg after the unsteady motion, as shown in Fig. 11a . The assembled grids for the initial and final time are also shown in Figs. 11b and 11c . The motion files in Cobalt are generated using the data values in Fig. 11a . These files define the flap grid rotations around the hinge line at discrete motion time instants. Cobalt then interpolates the motion data using cubic splines and deflects the flap grid for each computational time step. The CFD solver reports time-dependent aerodynamic forces and moments in an inertial axis for each grid; the forces and moments from all grids are added to find the total airloads acting on the aircraft. These solutions are labeled "CFD" in the plots. Steady-state solutions are estimated for the input flap angles and are labeled "static" in the plots. Figure 12 compares the model predictions of Eq. (1) with CFD and static solutions of ramp motions with rates of 20 and 100 deg ∕s. The results show that the indicial response model matches the CFD predictions very well for slow and fast motions. On the other hand, the static predictions fail to predict the transient behavior seen in the CFD. In fact, changes in the static data are synchronized with the flap angle changes, and therefore the static data cannot predict any transient responses. Figure 12 shows that the flap is held constant after ramp motion, but it takes some time before the solution reaches the steady-state value. Also, the normal force during this time is much higher than steady-state values. The transient time and loads increase with the motion rate; the peak normal force of the fast motion is around 30% higher than the steady-state normal force at the final time. The unsteady effects on pitch moment are interesting as well; Fig. 12b shows that the pitch moment response lags in time behind the input. Again, the static data cannot predict this time lag. These results confirm the need to develop unsteady aerodynamic models for aircraft control surfaces.
In the motion with 200 deg ∕s rate, the flap is deflected from 0 to 6 deg in 0.03 s. The noncirculatory loads are significant for this motion, and the solution is very sensitive to the time-step size. Figure 13 shows the effects of the time step on the CFD solution such that a large time step results in large oscillations in the solution. The small time-step solutions are then compared with the model prediction in Fig. 14 . Even for this very fast motion, the model agrees well with the CFD prediction. It should be noted that the flap indicial responses are time-dependent, and therefore the ROMs using these responses can predict the effects of motion rates as well. The models using Eq. (1) can predict linear aerodynamic response to any arbitrary motion within the range of data used for the model generation. For example, Fig. 15 compares the model predictions with two fast but small amplitude pitch-flap motions. A clockwise hysteresis loop is formed in the plot of normal force against flap angle; the hysteresis loop is introduced in the pitch moment as well, but it is counterclockwise. The results show that the indicial response models accurately predict the CFD data even for the noncirculatory loads that take place at initial time of the motion.
Aerodynamic models are created for the aileron as well. Again the responses to a unit step change in the aileron angle are calculated from CFD. In these calculations, the response solution is started from a clean configuration, and then right and left aileron angles are changed impulsively to 1 and −1 deg, respectively. The timedependent solutions to this motion are shown in Fig. 16 for sideforce, yaw, and roll moments. The normal force and pitch moment response to aileron angle changes are small and are not considered. The results show that the responses have large oscillations initially and then reach the steady-state solutions at 1 deg aileron angle. However, the side-force and yaw moment responses are much smaller than the roll moment response; this confirms that aileron deflection produces more important changes to the roll moment. The roll moment response at the final simulation time is negative; therefore, a positive aileron produces a negative roll moment, as expected. The roll moment indicial function is used to create a ROM and predict responses to two ramp aileron motions with rates of 20 and 100 deg ∕s. These motions are shown in Fig. 17a , where the aileron is at 0 deg at t 0 and then increases until it reaches 6 deg and is then held constant at this angle. Figure 17b compares the model predictions with roll moment data calculated from CFD. Again, a very good agreement is found in both motions.
Elevator indicial functions are shown in Fig. 18 for normal force and pitch moment. Like the flap responses shown earlier, the solutions predict an initial peak followed by a transient behavior until they reach the steady-state values at 1 deg elevator angle. The normal force final time value is close to the one found for the flap in Fig. 10a , but the pitch moment values are different for elevator and flap deflections; the pitch moment magnitude is larger for the elevator deflection, and it reaches a negative value because of the location of the elevator relative to the moment reference point. These indicial functions are used to predict the linear aerodynamic response of the T-38 aircraft to two ramp elevator motions. These motions, shown in angle. For example, to find the nonlinear response between flap angles of 8 and 10 deg, the solution starts from a steady-state condition with the flap deflected 8 deg and then performs a unit step in the flap angle for all t > 0. The response functions are then computed by taking the differences between the time-varying lift and pitch moments occurring after the step and the steady-state solution at t 0 and dividing them by the magnitude of the step, which is 1 deg. For a weakly nonlinear system, the response will be independent of the step magnitude, but for a highly nonlinear system, the interval indicial functions depends on the interval length and the step magnitude. The nonlinear ROM used in this study is valid for weakly nonlinear regimes of flow. Nonlinear response functions are shown in Fig. 21 . In these motions, the flap is deflected from 0 to 14 deg with rates of 20 and 100 deg ∕s and is then held constant at 14 deg for all subsequent time. Figure 21 shows that linear models overestimate the lift and pitch moment at large flap angles because of the linear assumptions made in the model. The nonlinear models have a much better match with CFD, especially for normal force, but they are more expensive than linear models because they require more Figure 24b compares the CFD normal force data with two reduced-order models. The first model (Model 1 in Fig. 24b ) is created from responses at 0 deg angle of attack, and the second model (Model 2 in Fig. 24b ) is created from responses at 8 deg angle of attack. The results show that the first model overestimates the CFD prediction, but the second model produces a good match. These results confirm that flap responses should be generated separately for each angle of attack in the input space. However, this makes aerodynamic modeling over a large region of the input space expensive. Therefore, a time-dependent surrogate model is proposed to approximate flap responses from a small response simulations or samples. Fig. 25 . The samples are selected at different angles of attack, mainly at large flap angles. These samples include positive flap angles, assuming that the normal force is symmetric with flap angle. Next, the flap responses are calculated using time-accurate CFD for each sample condition. A new ROM is then created using Eq. (3) and used to predict the normal force acting on the aircraft due to arbitrary flap motion at any given angle of attack within the range of data used for the model creation. The surrogate model described in Sec. II aids in approximating the response dependence on the angle of attack and flap angle. The validity of the ROM is tested for several arbitrary motions at angles of attack not simulated in the sample design. Figure 26 compares the model predictions with time-accurate CFD simulations of these motions. This figure shows that the ROM predictions agree quite well with the CFD for all motions.
V. Conclusions
This paper extends the previous work on unsteady aerodynamic modeling using indicial response methods by modeling aircraft control surfaces. The step-type response in control-surface deflections were directly calculated from unsteady RANS simulations and an overset grid technique. The results showed that indicial normal force responses due to a unit step change in flap and elevator have an initial jump as the grid starts to rotate, followed by a transient solution. As time progresses, the normal force asymptotically reached the steady-state value corresponding to 1 deg flap or elevator angle. Pitch moment responses also showed an initial negative peak and a transient solution until they reach the steady-state values. However, the final-time pitch moment response was positive for the flap and was negative for the elevator due to the location of the flap and elevator relative to the moment reference point. The aileron indicial functions had large oscillations initially and then reach the steady-state solutions at 1 deg aileron angle. The results showed that indicial values of side-force and yaw moment are much smaller than roll moment. The linear models using these indicial functions produced accurate predictions for small-amplitude flap motions, but they overestimated large amplitude motions. The results showed that the nonlinear models gave better predictions compared with the linear model, but it is more expensive because it used more response functions at different flap angles. Also, it was shown that response functions depend on both angle of attack and flap angle. This makes model creation more expensive because a large number of response functions need to be calculated for each combination of angle of attack and flap angle. A method to efficiently reduce the number of step function calculations was then used. This method uses a time-dependent surrogate model to fit the relationship between flight conditions (angle of attack and flap angle) and step functions calculated for a limited number of samples. This method was used to approximate the normal force responses induced by arbitrary flap motions at a given angle of attack. Again, a good agreement between CFD and model output was found. Comparisons of CFD and steadystate solutions confirmed the previous experiments that unsteady effects significantly change the amplitude and phase lags of predicted airloads. Future work will extend the results to include aerodynamic modeling of very large flap angles and validation of aerodynamic models for a generic unmanned combat air vehicle with trailing-edge flaps with available experimental data.
